The tuberculin skin test has been used for the diagnosis of bovine and human tuberculosis (TB) for over a hundred years. However, the specificity of the test is compromised by vaccination with the Mycobacterium bovis-derived vaccine strain bacille Calmette-Guérin (BCG). Since current promising vaccines against bovine TB are based on heterologous prime-boost combinations that include BCG, there is a need for diagnostic tests for differentiating infected from vaccinated animals (DIVA). The application of antigens such as ESAT-6 and CFP-10 for DIVA has so far been realized largely through their application in the blood-based gamma interferon release assay. In the current study, we have reassessed the potential of such antigens as skin test reagents for DIVA in cattle. A cocktail of the Mycobacterium tuberculosis complex recombinant protein antigens ESAT-6, CFP-10, MPB70, and MPB83 elicited delayed-type hypersensitivity (DTH) skin test responses in 78% of naturally infected tuberculin-positive cattle. Importantly, this cocktail induced no skin responses in BCGvaccinated cattle despite them being sensitized for strong tuberculin responses. Further optimization of skin test antigen combinations identified that the inclusion of Rv3615c (Mb3645c) enhanced skin test sensitivity in naturally infected cattle without compromising specificity. In addition, we demonstrate for the first time the utility of synthetic peptides as promising skin test antigens for bovine TB for DIVA. Our data provide a promising basis for the future development of skin tests for DIVA with practical relevance for TB diagnosis in both veterinary and clinical settings.
Bovine tuberculosis (TB) is a disease of economic and zoonotic importance caused by infection with Mycobacterium bovis, a member of the Mycobacterium tuberculosis complex. The primary diagnostic test used for the control and surveillance of bovine TB is the tuberculin skin test, a test that has remained in the forefront of TB diagnosis for both humans and cattle for over 100 years. The development of the test arose following the preparation of the first "tuberculin" by Robert Koch in 1890 (9) . While Koch's tuberculin failed to live up to its initial claims of having curative properties, its diagnostic potential was quickly realized. Interestingly, its potential to diagnose tuberculous infection was first demonstrated in cattle prior to its widespread use in people (19) . The two most common formats of the test used in cattle are the caudal fold test and the single intradermal comparative cervical tuberculin (SICCT) test (13) . Both test formats use a purified protein derivative (PPD) tuberculin prepared from a culture of M. bovis (PPD-B) as the primary diagnostic antigen. Additionally, the SICCT test includes the use of a Mycobacterium avium-derived PPD (PPD-A) to provide a measure of environmental sensitization. It is the more specific of the two tests (14, 20) and is therefore the adopted test format in the United Kingdom.
Bovine TB continues to be a significant and ongoing problem in the United Kingdom (www.defra.gov.uk/foodfarm /farmanimal/diseases/atoz/tb/index.htm). Cattle vaccination has been identified as one of the most promising long-term United Kingdom control strategies (10) , and the development of an efficacious vaccine continues to be a research priority. Currently, promising vaccines against bovine TB are based on heterologous prime-boost combinations that include the live attenuated M. bovis vaccine strain bacille Calmette-Guérin (BCG) as one of their components (8) . However, as for humans, the vaccination of cattle with BCG compromises the specificity of the tuberculin skin test since PPD contains crossreactive antigens shared by both pathogenic and vaccine strains (4, 5, 26) . Therefore, the development of diagnostic tests for differentiating vaccinated from infected animals (DIVA) is an essential prerequisite to allow the inclusion of BCG-based vaccination as part of bovine TB control strategies.
Current front-line reagents for DIVA for TB diagnosis are the M. tuberculosis complex antigens ESAT-6 and CFP-10. They are strongly recognized in TB-infected cattle and humans (6, 15, 22, 24, 25) , yet since their genes are encoded in region of difference 1 (RD1), which has been deleted from all BCG strains (12), they do not elicit a response in BCG-vaccinated hosts in the absence of infection (2, 6, 22, 24, 25) . The practical application of such reagents for DIVA has so far been realized largely through their use in blood-based gamma interferon (IFN-␥) release assays (IGRAs). Given the high level of familiarity and widespread application of the tuberculin skin test by veterinarians and clinicians, a skin test format for DIVA would provide a valuable additional test platform. This might especially be the case where the logistics of access to laboratorybased resources are problematic. It is also notable that in recent years, there has also been renewed interest in a skin test-based test for DIVA for human TB, with several reports demonstrating the skin test potential of ESAT-6 (1, 3, 28) .
The purpose of the current study was to assess the potential of defined M. bovis antigens as skin test reagents for diagnosing bovine TB. We have investigated and optimized combinations of define M. bovis antigens with an emphasis on assessing their performance as sensitive and practical diagnostic tools for DIVA for use in the field.
MATERIALS AND METHODS

Animals.
To investigate the skin test performance of defined antigens in cattle naturally exposed to M. bovis, SICCT reactor cattle were recruited from United Kingdom farms with a confirmed history of bovine TB (convenience sampling dependent on availability). Animals were identified during routine surveillance operations where their SICCT response (PPD-B Ϫ PPD-A) was Ͼ2 mm and were housed in secure segregated biocontainment facilities at the Veterinary Laboratories Agency (VLA) Weybridge. A total of 62 reactors were used in the study, which included 21 male and 41 female cattle of seven different breeds, including dairy and beef stock. The age at the time of skin test investigations ranged from 9 months to 11 years, with a median age of 21 months. All reactors underwent detailed postmortem examination to assess for the presence of M. bovis infection in accordance with previously described procedures (23) . Visible lesions consistent with bovine TB and/or culture isolation of M. bovis were confirmed for 55 of these reactors. For the specificity studies, Holstein-Friesian castrated male cattle (n ϭ 54) were sourced from United Kingdom TB-free farms and housed at the VLA in accommodations separate from those of the reactors. A cohort of these calves (n ϭ 20) was neonatally vaccinated with BCG to allow the evaluation of reagents for DIVA. A single dose of 1 ϫ 10 6 CFU of BCG Danish (Staten Serum Institute, Sweden) was administered subcutaneously to each of these calves at 4 to 6 weeks of age. Where a second skin test was performed for some cattle during the study, it was performed no earlier than 62 days later. All cattle experiments were cleared by local ethical review and animal procedures under a license granted by the British Home Office.
Antigens. Bovine and avian PPDs were supplied by the VLA Tuberculin Production Unit. Histidine-tagged recombinant proteins were expressed in Escherichia coli cells and purified by nickel affinity chromatography. MPB70, MPB83, ESAT-6, and CFP-10 were supplied by Lionex Diagnostics and Therapeutics GmbH (Germany), and Rv3615c was produced at the Agri-Food and Biosciences Institute (Belfast, Northern Ireland). Rv3615c is referred to in the current paper using the M. tuberculosis genome annotation (http://genolist.pasteur.fr /TubercuList/). In the M. bovis genome, it is annotated as Mb3645c (http: //genolist.pasteur.fr/BoviList/). All synthetic peptides used in the study were synthesized by solid-phase F-moc (9H-fluoren-9-yl-methoxycarbonyl) chemistry and supplied at a purity of Ͼ90% (Pepceuticals Ltd., United Kingdom). The identity of each peptide was confirmed by mass spectrometry. For ESAT-6 and CFP-10, 16-mer peptides with 8-amino-acid overlaps of the complete protein sequences were used (21 peptides in total). For MPB83, a single 20-mer peptide that had previously been shown to encode a bovine T-cell epitope (p195-214) was used (24) , and similarly, for Rv3615c, three bovine T-cell epitopes encoding 20-mer peptides were used (p65-84, p73-92, and p84-103) (18) .
Skin test procedures. The disclosing SICCT field test was performed and interpreted according to European Communities Commission Regulations (regulation 1226/2002, amending annexes A and B of the consolidated Council Directive 64/432/EEC). For the evaluation of defined antigen combinations at VLA, up to eight intradermal injection sites were used on each animal, four on each side of the neck. PPD-B and PPD-A (2,500 IU) were always included in each test, and all antigens were administered in a 0.1-ml volume. Defined antigens were tested at a concentration of 10 g whether used individually or as a component of a cocktail unless otherwise stated. Skin induration at administration sites was measured by using calipers by the same operator for all experiments. Measurements were recorded prior to and at 72 h after skin test and additionally at 96 and 120 h for some experiments. Results are expressed as the difference in skin thicknesses (mm) between the pre-and post-skin test readings.
IFN-␥ whole-blood ELISA. Heparinized whole-blood cultures were stimulated with either PPD-A (10 g/ml), PPD-B (10 g/ml), recombinant protein antigens (5 g/ml), protein cocktail (5 g/ml per constituent), staphylococcal enterotoxin B (1 g/ml; Sigma-Aldrich, United Kingdom), or the no-antigen control. Cultures were set up within 8 h of blood collection and cultured at 37°C in 5% CO 2 . Antigen-stimulated IFN-␥ was measured in whole-blood culture supernatants at 24 h using the commercially available Bovigam enzyme-linked immunosorbent assay (ELISA) (Prionics AG, Switzerland). Results are expressed as the background-corrected optical density measured at 450 nm (OD 450 ).
Statistical analysis. Differences in response magnitudes between different antigen combinations were compared by repeated-measures analysis of variance (ANOVA), with the application of Bonferroni's multiple-comparison postanalysis test. Differences between antigen responder frequencies were analyzed by using the Fisher exact test. These statistical analyses and receiver operator curve (ROC) analysis were performed by using the Prism 5 software program (Graphpad Inc.).
RESULTS
A defined protein cocktail of MPB70, MPB83, ESAT-6, and CFP-10 induces skin test responses in naturally infected cattle. To assess the potential of defined antigens as diagnostic skin test reagents, we initially formulated a cocktail comprised of the purified recombinant M. bovis/M. tuberculosis protein antigens ESAT-6, CFP-10, MPB70, and MPB83. MPB70 and MPB83 were included in our cocktail since they had a previous demonstrated skin test potential for DIVA in a guinea pig model of M. bovis infection (24) . In 37 SICCT-positive cattle, the protein cocktail induced a response in 29 of 37 (78%) of these cattle at 72 h posttest (Fig. 1) . Skin reactions were additionally measured at 96 and 120 h since it was previously reported that the development of bovine skin test responses to ESAT-6 continued to increase after 72 h (16) . In comparison with the 72-h reactions, the SICCT responses were significantly reduced at 96 and 120 h posttest (Fig. 1) . The magnitudes of protein cocktail-induced reactions were comparable at each time point. The measurement of antigen-induced IFN-␥ in whole-blood cultures set up on the day of the skin test demonstrated that ESAT-6 and CFP-10 were the most strongly recognized constituent antigens in the protein cocktail in vitro (Fig. 2) . The protein cocktail was next tested at titrated dose concentrations of 10, 5, and 1 g for each cocktail component. The respective responses in a cohort of 19 of the previously tested reactors are shown in Fig. 3 . Skin test responses were comparable between the 10-and 5-g doses but were significantly reduced at the 1-g dose, demonstrating a dose response. For all further experiments, a skin test concentration of 10 g per defined antigen component was used.
The specificity of this protein cocktail was first determined for naïve cattle (n ϭ 20). The cocktail induced no measureable response in any of these animals when reactions were read at 72 h (Fig. 4) . While all SICCT responses were also negative, measurable PPD-A-biased responses did indicate some sensitization of these animals by environmental mycobacteria. We additionally measured reactions at 96 and 120 h. While responses remained negative at 96 h, at 120 h two animals provided positive reactions of 2 and 12 mm to the protein cocktail and 5 mm to the SICCT test (data not shown). For all further experiments, reactions were recorded only at 72 h posttest.
The potential of the protein cocktail for DIVA was evaluated by using 3-month-old calves that had been neonatally vaccinated with BCG at 4 to 6 weeks of age (n ϭ 20). For these calves, only one animal failed to induce an SICCT PPD-Bbiased skin test response, confirming the strong tuberculin skin test sensitization of BCG vaccination (Fig. 4) . In contrast, the defined protein cocktail did not induce a response in any of these vaccinates. Protein cocktail and SICCT responses measured in either the naturally infected or BCG-vaccinated cattle were used to generate ROC curves to provide estimates of skin test sensitivity and specificity for DIVA. Table 1 summarizes the sensitivity and specificity estimates for SICCT cutoffs of Ͼ2 mm and Ͼ4 mm since these represent operational "severe" and "standard" test cutoffs used in United Kingdom surveillance operations (www.defra.gov.uk/foodfarm/farmanimal /diseases/atoz/tb/control/tuberculin.htm). Also shown are the performance figures for SICCT and protein cocktail test cutoffs that provide 100% specificity for the respective tests for DIVA.
Optimization of defined skin test reagents, including the use of Rv3615c and synthetic peptides. In vitro assessment of the capacity of the constituent protein cocktail antigens to induce IFN-␥ suggested the immunodominance of ESAT-6 and CFP-10 (Fig. 2) . Therefore, we investigated the additive ben- efit of the inclusion of MPB70 and MPB83 to a cocktail already containing ESAT-6 and CFP-10. In a group of 12 previously untested naturally infected cattle, all of which induced positive SICCT responses (data not shown), 6/12 cattle induced a response to the cocktail containing all four antigens (1-to 6-mm responses), while only three of these cattle responded to the cocktail containing only ESAT-6 and CFP-10 (2-, 3-, and 6-mm responses). Although the difference in responder frequency was not significant, the result did indicate an additive benefit of including MPB70 and/or MPB83 to the cocktail.
To determine if the inclusion of both MPB83 and MPB70 was required for optimal skin responses, protein cocktails formulated with and without MPB70 were tested in a further 13 naturally infected cattle. Additionally, we used this experiment as an opportunity to evaluate the following two novel defined antigen formulations: first, a protein cocktail containing Rv3615c, a recently identified antigen for DIVA which can identify ESAT-6-or CFP-10-unresponsive M. bovis-infected cattle (18) , and second, a synthetic peptide cocktail comprising overlapping peptides of ESAT-6 and CFP-10. The inclusion of MPB70 demonstrated no improvement in the responder frequency or magnitude of skin reactions in these cattle compared with those responses induced by the ESAT6-, CFP-10-, and MPB83-containing cocktail (Fig. 5) . In contrast, the addition of Rv3615c increased the responder frequency from 10/13 to 13/13 and also resulted in significantly stronger responses (Fig.  5) . The ESAT-6-CFP-10 peptide cocktail induced responses in 11/13 cattle, thus demonstrating their potential as skin test antigens.
We next investigated the skin test contribution of the individual antigens present in the most promising protein cocktail comprised of ESAT-6, CFP-10, MPB83, and Rv3615c. We also extended our evaluation of synthetic peptide combinations by testing a cocktail of peptides derived from ESAT-6, CFP-10, MPB83, and Rv3615c. These reagents were tested in 12 reactor cattle that had previously demonstrated skin test responses to the protein cocktail in the previous two experiments. All nine animals that responded to any single antigen recognized CFP-10 (cutoff for positivity of Ͼ1 mm), while seven, three, and two cattle responded to ESAT-6, MPB83, and Rv3615c, respectively (Fig. 6) . However, the combined protein cocktail provided maximal responder frequency and reaction size, including the three animals that failed to respond to any of the individual proteins. Encouragingly, the peptide cocktail induced responses in 10/12 of these cattle, as shown in Fig. 6 . a Sensitivity determined by using naturally infected "reactor" cattle with diseased confirmed by SICCT (n ϭ 34).
b Specificity determined by using disease-free BCG-vaccinated calves (n ϭ 20 
DISCUSSION
Previous investigations on the use of defined bovine skin test reagents suggested that either immunomodulating reagents (27) or high antigen doses (Ն400 g) (16) might be required to provide sensitive skin responses. It is therefore encouraging that in the current study, we demonstrated antigen-specific skin reactions for 78% of SICCT reactor cattle when using a protein-antigen combination of ESAT-6, CFP-10, MPB70, and MPB83. Importantly, this was achieved by using an administered concentration of 10 g per protein, a dose that we consider to be realistic for practical field applications. Furthermore, this skin test cocktail was highly specific, eliciting no response in either naïve or BCG-vaccinated calves. This is the first time that the potential of defined skin test antigens for DIVA has been demonstrated for cattle vaccinated with BCG or infected with M. bovis.
Assessment of the in vitro recognition of the individual antigens in our initial protein cocktail showed that MPB70 and MPB83 had poor IFN-␥-inducing capacities in comparison with those of ESAT-6 and CFP-10. Despite their subdominant in vitro immunogenicity in cattle, it is interesting that their inclusion in the skin test cocktail increased the skin test responder frequency compared with the use of only ESAT-6 and CFP-10. In mice, it has been shown that during a delayed-type hypersensitivity (DTH) response, there must first be an early initiation phase that is required to recruit antigen-specific T cells, which then propagate the classical late-phase inflammatory response (21) . Furthermore, the antigens that induce the initiation and effector stages can be different (17) . Therefore, it may be possible that subdominant effector T-cell antigens such as MPB70 and MPB83 might still have a role in promoting reaction initiation, thereby helping to elicit a better response to dominant effector antigens such as ESAT-6 and CFP-10. Further studies investigating the nature of cellular events during the bovine DTH response could help refine and optimize future DTH-inducing reagents. However, in the absence of such knowledge, our data clearly demonstrate the importance of performing empirical in vivo studies when evaluating skin test antigens.
Further optimization of the skin test protein cocktail demonstrated that the inclusion of MPB70 had no additional benefit over the use of MPB83. Since these antigens are closely related, sharing 61% sequence identity (7), it is likely that they share epitope specificities. Therefore, their use in combination may result in antigen redundancy, as previously observed for in vitro diagnostic assays (24) . The addition of Rv3615c to a protein cocktail containing ESAT-6, CFP-10, and MPB83 did result in a significant improvement in the strength of the skin test responses and proved to be the most optimal antigen combination tested. The diagnostic potential of Rv3615c has only recently been identified, having been found to be recognized by infected cattle missed by either ESAT-6 or CFP-10 (18). Our demonstration that it can also contribute to improved skin test responses without compromising specificity further confirms its diagnostic importance. Interestingly, evaluation of the skin test response-inducing capacity of individual protein antigens demonstrated that Rv3615c had poor DTHinducing potency. This observation again demonstrates the additive sensitivity benefits of using antigen combinations.
An important practical advantage of synthetic peptides compared to recombinant proteins as diagnostic antigens is that being chemically synthesized, quality control is more easily standardized. We have previously demonstrated the practical application of synthetic peptides as bovine TB reagents for DIVA using IFN-␥-based blood assays (25) , and similarly, they have also been applied for human TB diagnosis (2, 11) . However, this is the first report demonstrating their potential as TB skin test antigens in cattle. Although a skin test cocktail containing ESAT-6, CFP-10, MPB83, and Rv3615c peptides lacked the absolute sensitivity and skin test response-inducing capacity of the equivalent protein cocktail, these important proof-of-principle data provide a basis for future optimization and improvement of a peptide-based skin test.
In considering why the results of previous ESAT-6-based cattle skin test studies looked less promising than our current data (16, 27) , one explanation is likely to be our inclusion of CFP-10, which has not previously been evaluated as a bovine skin test antigen. Notably, skin test responses induced by the individual protein antigens showed CFP-10 to be the most potent defined antigen. Furthermore, the use of antigen combinations demonstrated clear sensitivity benefits in the current study and will also have contributed to the improved responses compared with the previous responses using ESAT-6 alone (16, 27) . When comparing cellular responses induced by recombinant protein antigens, the presence of contamination endotoxin should also be considered. However, it is unlikely that immunomodulation from possible endotoxin contamination can explain the potent responses to the protein antigens in the current study, since skin reactions were also induced by the synthetic peptides, which are endotoxin free.
Pollock et al. also demonstrated that PPD-induced bovine skin reactions were maximal at 72 h, while the response to ESAT-6 was often greatest at 96 h (16) . Our data confirmed 72 h to be optimal for the measurement of the SICCT response (Fig. 1) , and we also observed increases in the protein cocktail responder frequency when reactions were read at 96 or 120 h such that the responder frequency increased from 29/37 to 31/37 and then to 32/37 for the 72-, 96-, and 120-h time points, respectively. However, the increase in responder frequency was not significant (data not shown), and there was no increase in the magnitude of comparative responses. Furthermore, we also observed a response to both the protein cocktail and SICCT test in 2/20 naïve cattle when reactions were read at 120 h. The latter observation suggests the need for caution when considering the benefits of extending the period between administration and reading of the skin reaction for defined antigens. Additionally, since we observed highly specific reactions for the majority of animals at 72 h using our optimized defined cocktails, measuring responses at this time point has the practical benefit of allowing the option of testing defined antigens and PPD in parallel and then reading the reaction data on the same day.
The strong PPD-B-biased SICCT responses induced in our BCG-vaccinated calves confirmed that BCG sensitization compromises the sensitivity of the test. Raising the SICCT test cutoff to Ͼ10 mm, similar to that in human medicine, restored test specificity but only with a significant loss of sensitivity (Table 1 ). This reaffirms the need for suitable reagents for DIVA such as those presented in the current study. As such, the importance of this study is that it demonstrates that combinations of defined M. tuberculosis complex antigens can provide practical and sensitive skin test-based diagnosis of bovine TB for DIVA. Additionally, the demonstration for the first time of the potential of synthetic peptides as skin test reagents for DIVA has practical relevance for TB diagnosis in both veterinary and clinical settings and would provide a promising basis for future test development.
